Volatile organic compounds (VOCs) released from or taken up by Streptococcus pneumoniae and Haemophilus influenzae cultures were analysed by means of GC-MS after adsorption of headspace samples on multi-bed sorption tubes. Sampling was performed at different time points during cultivation of bacteria to follow the dynamics of VOC metabolism. VOCs were identified not only by spectral library match but also based on retention times of native standards. As many as 34 volatile metabolites were released from S. pneumoniae and 28 from H. influenzae, comprising alcohols, aldehydes, esters, hydrocarbons, ketones and sulfur-containing compounds. For both species, acetic acid, acetaldehyde, methyl methacrylate, 2,3-butanedione and methanethiol were found in strongly elevated concentrations and 1-butanol and butanal in moderately elevated concentrations. In addition, characteristic volatile biomarkers were detected for both bacterial species and exclusively for S. pneumoniae, also catabolism of aldehydes (3methylbutanal and hexanal) was found. The results obtained provide important input into the knowledge about volatile bacterial biomarkers, which may become particularly important for detection of pathogens in upper airways by breath-gas analysis in the future.
INTRODUCTION
Streptococcus pneumoniae and Haemophilus influenzae are the causal agents of community-acquired pneumonia (CAP) in up to 60 % and 15 % of all cases, respectively (Goering et al., 2008) . Septicaemia, meningitis or otitis, and also infections of the upper respiratory tract, septic arthritis or conjunctivitis, might develop after colonization with these bacteria. Typically, patients suffering from pneumonia are diagnosed in a late phase of the disease, requiring broad-spectrum antibiotic therapy, which may inadequately reduce pathogen load and lead to the development of antibiotic resistance. To improve therapy, rapid identification of the pathogens is desirable. Breath-gas analysis may be suitable for this purpose, since it is noninvasive and can easily be performed in children (Refat et al., 1991) or neonates (Artlich et al., 2001; Schwarz et al., 1997) . Importantly, the results of breath analysis are available immediately after measurement and do not require timeconsuming plating of bacterial cultures isolated from human specimens.
Developments in analytical chemistry and concomitant improvement of sample preparation methods, which allow the detection of volatile organic compounds (VOCs) at the p.p.t.-p.p.b. level, enable very sensitive analysis of human breath gas. The analysis of human breath is already successfully used for the detection of Helicobacter pylori infection (Liao et al., 2002) and the diagnosis of small intestinal bacterial overgrowth and fructose or lactose malabsorption (Eisenmann et al., 2008) . Finding specific biomarkers for a certain bacterial disease is typically done by the comparison of concentration profiles determined for healthy and diseased individuals. However, correct interpretation of breath-VOCs for clinical diagnosis is intricate due to multiple potential endogenous and varying exogenous sources, such as food uptake and inhaled exogenous xenobiotics (e.g. air pollutants). Therefore, before a breath test can be applied for clinical diagnosis, confirmation of specific biomarkers in in vitro experiments with clean cultures of cells (Acevedo et al., 2007; Chen et al., 2007; Filipiak et al., 2010; Sponring et al., 2009) or pathogens is essential. Most of the published studies on VOC release from micro-organisms included only qualitative GC-MS analyses (Eriksson et al., 2005; Hettinga et al., 2008; Schöller et al., 1997; Zechman et al., 1986) or results of real-time spectrometric techniques, such as selected ion flow tube mass spectrometry Julák et al., 2006) and proton transfer reaction (PTR)-MS (O'Hara & Mayhew, 2009; Scotter et al., 2006) , where substance identification is questionable (Buhr et al., 2002; Schwarz et al., 2009a) .
The purpose of this research was to gain insight into the release of the volatile metabolites by two predominant bacterial species causing CAP, S. pneumoniae and H. influenzae. Our results reveal a large but also in part species-specific spectrum of VOCs and provide a detailed characterization of the dynamics of VOC metabolism. The data gathered support the application of volatile markers for non-invasive diagnosis of airway infections such as CAP or rhinosinusitis by breath-gas analysis.
METHODS
In vitro experiments with bacterial cultures. S. pneumoniae (ATCC 49619, serotype 19F, isolated from the sputum of a 75-yearold male) and H. influenzae (a clinical isolate from the sputum of a patient suffering from pneumonia) were a kind gift of Dr Dorothea Orth from the Division of Hygiene and Medical Microbiology (Innsbruck Medical University). S. pneumoniae was cultivated on blood agar plates and in tryptic soy broth (Merck). H. influenzae was grown on chocolate agar plates, and liquid cultures were done in tryptic soy broth supplemented with 30 mg haemin ml 21 and 30 mg NAD ml 21 . This medium has always been used in our experiments to detect VOCs originating from the broth. A standardized procedure was applied where the amount of inoculated bacteria corresponded to OD 600 0.5. The headspace samples for GC-MS analysis were taken 3, 3.75, 4.5, 6 and 7.5 h after inoculation for S. pneumoniae and after 1.5, 3, 4.5, 6 and 7.5 h for H. influenzae. Aliquots of the cultures were taken immediately prior to headspace sampling for assessment of c.f.u. and OD following standard protocols. Bacteria cultivation and headspace sampling were performed in a device described previously with modifications described in further sections.
GC-MS analysis. Sampling on multi-bed sorption tubes filled with 25 mg Tenax TA (60/80 mesh), 35 mg Carboxen 569 (20/45 mesh) and 250 mg Carboxen 1000 (80/100 mesh) (arranged according to increasing sorption strength) provides high sensitivity of GC-MS analyses as shown in previous work Sponring et al., 2009 Sponring et al., , 2010 . Although the application of strong adsorbents as carbon molecular sieves (such as Carboxen 569 and Carboxen 1000 constituting .90 % of our tube's filling) yielded detection limits at the parts per trillion in volume (dimensionless units) (p.p.t. v ) level, a substantial water uptake from bacteria headspace was observed, causing numerous analytical problems (e.g. decreasing adsorption efficiency, ice formation during cryofocusing, oxidation of filament in a Mass Selective Detector). Since commonly used techniques of water removal like drying agents and Nafion tubes result in substantial loss of low-molecular-mass polar compounds and since dry purge of water after sample adsorption causes depletion of highly volatile VOCs, we decided to avoid excessive adsorption of water by reduction of the sample's relative humidity by diluting the bacterial headspace with dry air (Fig. 1) as proposed by Gawryś et al. (2001) . The dilution ratio of 1 : 8 (5 ml sample min 21 : 35 ml air min 21 ) was found to be optimal, providing the highest sampling efficiency (higher ratios resulted in purging of already adsorbed VOCs, while lower ratios did not reduce the Fig. 1 . Overview of the incubation and headspace sampling system for bacterial cultures. The system was substantially modified in comparison with our previous studies by extension to four parallel sampling lines from four independent cultures, all supplied with purified synthetic air. The carrier gas (air) was humidified in the preceding gas wash bottle while all flows were precisely controlled by magnetic valves. The condensation (hence depletion) of hydrophilic volatiles was prevented by maintaining a higher temperature of all transfer lines and dilution of headspace samples with purified air for prior adsorption, yielding very good reproducibility and high sensitivity of the GC-MS experiments. Table 1 . Parameters of the analytical method applied for in vitro study Detection limits (p.p.b. v ) were determined individually for each analyte from the complete calibration series (instead of signal-to-noise ratio for blank analysis). Dwell time for each ion acquired in selected ion monitoring (SIM) mode was 100 ms. MW, Molecular mass; t R , retention time (given in min); LOD, limit of detection; R 2 , correlation coefficient of a linear regression line. Compounds for which no ions for SIM mode are given were quantified in total ion chromatogram (TIC) mode. CAS, Unique numerical identifier assigned by Chemical Abstract Service to every substance. adsorption of water sufficiently). Collected gas samples originating from the bacteria's headspace had a volume of 200 ml, and the total flow through the sorption trap was 40 ml min 21 . The system was additionally upgraded to four parallel lines for bacteria cultivation allowing simultaneous headspace sampling from four independent cultures. The conditions for adsorptive preconcentration, thermal desorption and the calibration procedure are given elsewhere . The GC settings were specified in a previous study (Filipiak et al., 2012a) while parameters chosen for selected ion monitoring (SIM) are given in Table 1 . The identification of detected VOCs was done by matching with the mass spectrum library NIST 2008 (Gaithersburg, MD, USA) and additional confirmation with retention time of reference materials. All gaseous and liquid reference materials were purchased from Sigma Aldrich, ChemSampCo, Acros Organics, J.T. Baker and Merck. All pieces of laboratory equipment, i.e. glass syringes, sampling glass bulbs, vials, septa, etc., were purchased from Supelco.
Compound
Experiments with human breath samples. For comparison we also included a cohort of 55 healthy individuals (32 non-smokers, 23 active smokers) in this study. The custom-made breath sampling device with real-time monitoring of exhaled CO 2 level was used to collect only alveolar air without a dead-space gas occupying conductive zones. The samples of 500 ml of expired air and corresponding inspired air were taken from each donor and preconcentrated on multi-bed sorption tubes of the same composition as used for in vitro experiments. A detailed description of the analytical procedure for breath collection, storage, adsorptive preconcentration and GC-MS analysis is given elsewhere (Filipiak et al., 2012b) . The study was approved by the local ethics committee of Innsbruck Medical University.
Statistical analysis. Statistical significance was calculated by the non-parametric Kruskal-Wallis test (Kleinbaum et al., 1998) . P-values ,0.05 were considered to be significant. C.f.u. counts are presented as mean values±SD. To determine detection limits from calibration the bootstrapping method was used (Efron & Tibshirani, 1986) .
RESULTS

Bacterial growth
Initial (Table 1) . Importantly, all detection limits presented here were determined not from extrapolation of the signal (S)-to-noise (N) ratio to the value of S : N53 (often revealing too low values especially when 'noise' refers to blank analysis) but individually for each analyte from bootstrapping the regression line from the series of calibration measurements performed with the abovedescribed protocol. Consequently, the noise for LOD calculation concerns the entire analytical method (instead of pure blank measurement). We were able to determine a large number of diverse VOCs released by both bacterial species in a concentration range from p.p.t. v to p.p.m. v (see Tables 3 and 4 and Fig. 2) , whereby S. pneumoniae released 34 VOCs of nine chemical classes and H. influenzae released 28 VOCs of 11 chemical classes. Additionally, two aldehydes (3-methylbutanal and hexanal) were taken up by S. pneumoniae but none by H. influenzae. Despite the higher proliferation rate, a lower number of VOCs and lower concentrations were secreted by H. influenzae than by S. pneumoniae.
Three aldehydes were released at significant levels by both investigated bacteria species, namely acetaldehyde, propanal (Tables 3 and 4 ). In particular, acetaldehyde was as high as 1907.5 p.p.b. v (Fig. 2a ). Moreover, uptake of aldehydes was observed in S. pneumoniae cultures, whereas hexanal was metabolized from initially low concentrations down to levels below the detection limits, and 3-methylbutanal especially was reduced very efficiently starting from a very high initial concentration of 429 p.p.b. v down to 34 p.p.b. v after 6 h of bacterial growth.
Amongst the alcohols, 1-butanol was released in a similar pattern by both species, with the first significant increase 6 h after inoculation. Importantly, ethanol was released only by S. pneumoniae cultures (Table 3) , while H. influenzae cultures secreted methanol (Table 4) . detected at sub-p.p.b. levels after at least 6 h of bacterial growth.
VSCs were released abundantly by both species, comprising methanethiol, dimethylsulfide, dimethyldisulfide (DMDS), dimethyltrisulfide and carbon disulfide (CS 2 ). Amongst them, methanethiol (Fig. 2b) , DMDS and CS 2 had already been significantly released in relatively high concentrations at the first sampling time points from both species, and their concentration profiles were well correlated with the bacterial growth rate. Interestingly, S. pneumoniae released one unique VSC, namely 3-(methylthio)propanal, while H. influenzae released three specific VSCs, namely ethyl methyl sulfide, S-methyl thioacetate and 3-(ethylthio)propanal.
Low-molecular-mass (C 3 -C 4 ) hydrocarbons have not been reported as volatile metabolites released by pathogenic bacteria. The highest concentrations of hydrocarbons released by S. pneumoniae were detected for 2-methylpropene (~32 p.p.b. v ), 2-methylpropane (~20 p.p.b. v ) and (E)-2-butene (~15 p.p.b. v ), while the remaining hydrocarbons were found at single p.p.b. v levels. Importantly, entirely different hydrocarbons were released by H. influenzae, comprising 2-methyl-2-butene, 3-methyl-1butene and isoprene (Fig. 2c ). Amongst them, isoprene reached the highest concentration (~20 p.p.b. v after 6 h of bacterial growth) and was significantly secreted from the early time points on. Moreover, concentrations of hydrocarbons correlated very well with the proliferation rate of tested bacteria species (Fig. 2c ).
Among the remaining compounds, only furan was secreted by both tested micro-organisms (more strongly by S. pneumoniae), whereas ethylbenzene and 3-phenylfuran were detected exclusively for S. pneumoniae, and o-hydroxybenzaldehyde, c-butyrolactone and 2-acetyl-1,4,5,6-tetrahydropyridine for H. influenzae cultures (Tables 3 and 4 ).
DISCUSSION
In this work, S. pneumoniae and H. influenzae, which typically cause diseases of the respiratory tract, such as CAP (Brooks et al., 2007; Goering et al., 2008) , were tested in respect of release of VOCs to confirm the existence of bacteria-specific markers, which may be used for diagnosis in future breath tests. For this purpose, a special device for bacteria cultivation and adsorptive headspace preconcentration described previously was substantially modified (see Methods). In contrast with several earlier works (Julák et al., 2006; Preti et al., 2009; Schöller et al., 1997; Zechman et al., 1986) quantification of VOCs was performed as far as possible. Importantly, the qualitative analysis of the majority of released metabolites was confirmed by retention time in addition to mass spectral library match, ensuring unambiguous identification. This is an important improvement, particularly in comparison to PTR-MS used to analyse bacteria-derived VOCs (Bunge et al., 2008; O'Hara & Mayhew, 2009; Scotter et al., 2006) , but where many compounds may contribute to the same product ions (Buhr et al., 2002; Schwarz et al., 2009a) hindering both qualitative and quantitative analysis. Furthermore, the release and uptake of volatile metabolites were monitored at different phases of cultivation to follow the dynamic changes in the concentration patterns. The importance of the milieu for the production of volatile metabolites has been studied before in in vitro studies (Bunge et al., 2008; O'Hara & Mayhew, 2009) . Apart from nutrient availability, oxygen tension and interference coming from the presence of other microbes or host cells may complicate the search for reliable biomarkers. The goal of the work presented here was to establish the conditions for the reliable detection of bacteria-derived VOCs and to gain first insights into the existence of potentially speciesspecific metabolites. For this we hypothesized that the combination of optimized growth conditions and long observation times would yield reliable and reproducible results. An important next step will be to compare the in vitro data with the results from measurements in patients and to identify those compounds that are both bacteriaspecific and reliably produced under various conditions. Our in vitro experiments revealed in part identical patterns of VOC release from S. pneumoniae and H. influenzae, but also considerable differences concerning the dynamics of VOC production were found (only 15 analytes, mainly VSCs, were released by both species). Despite a higher proliferation rate of H. influenzae, the number and the respective concentrations of metabolites released by this species were lower compared to S. pneumoniae.
In earlier works, relatively few VOCs were detected in the headspace of S. pneumoniae and H. influenza cultures, however, with application of different cultivation and analytical protocols Preti et al., 2009 ). Preti and co-workers, similar to ourselves, could detect the release of acetic acid from these two species and methanethiol from S. pneumoniae apart from other VOCs not found in the present experiments. Allardyce and coworkers found few identical VOCs released by S. pneumoniae after 6 and 24 h of bacteria growth compared with our work , namely ethanol, acetaldehyde, methanethiol and dimethylsulfide. In contrast, acetic acid was released at high concentration from S. pneumoniae in our experiments, whereas a decrease of this compound was detected in S. pneumoniae cultures by Allardyce et al. (2006) . The release of 2-aminoacetophenone by S. pneumoniae could not be confirmed in our experiments. This compound derives from tryptophan present only in particular media such as Müller-Hinton and blood-agar-based media. Importantly, some of the VOCs discussed here were significantly released by other bacteria species, investigated in our previous in vitro study (Filipiak et al., 2012a) . Especially, esters such as ethyl acetate or methyl methacrylate and volatile sulfur-containing compounds like methanethiol and dimethyldisulfide were generated in biochemical pathways common for Staphylococcus aureus, Pseudomonas aeruginosa, S. pneumoniae and H. influenzae. With respect to the substantial deviation in the profiles of VOCs metabolized by P. aeruginosa reported previously (consumption instead of production observed for other species), a few more analytes might be considered as commonly released by the aforementioned species, namely acetaldehyde, propanal, acetic acid, 1-butanol and 2,3-butanedione (Filipiak et al., 2012a) .
Our in vitro study indicates that both tested bacterial species may produce pathogen-specific metabolites, allowing their identification by gas-phase analysis. VOCs exclusively released by S. pneumoniae comprise mostly Table 5 . Maximum median concentrations of selected metabolites that have been suggested as biomarkers for S. pneumoniae and H. influenzae (based on in vitro experiments)
3-Methyl-1-butene appeared in 3.6 % of healthy non-smokers (n531), and (E)-2-Butene and (Z)-2-butene appeared in 11.1 and 5.6 %, respectively, of healthy smokers (n523); no other compounds were detected in breath tests from either group.
low-molecular-mass substances, particularly hydrocarbons. Similarly, there is a set of metabolites, mainly esters and VSCs, solely released by H. influenzae. Significantly increased concentrations are found in the first few hours of bacterial growth with respect to 2-butenal, 1,3-butadiene and 2methylpropene in S. pneumoniae cultures and isoprene, cbutyrolactone and o-hydroxybenzaldehyde in H. influenzae cultures.
Although species-independent or commonly released VOCs cannot be used for specific identification of the underlying pathogen, they can be useful, if released at high concentrations (e.g. acetic acid, acetaldehyde, methyl methacrylate, 2,3-butanedione or methanethiol), for monitoring the outbreak of a bacterial infection. Nevertheless, compounds like acetaldehyde, ethanol, acetone and isoprene are normally present in human breath Bajtarevic et al., 2009; Kushch et al., 2008; Schwarz et al., 2009a, b) , which hampers breath analysis due to substantial background levels.
Also VOCs detectable in the in vitro culture of different bacteria strains may still be suitable markers, as long as these pathogens are not simultaneously present in the affected patient. Thus, whereas Staphylococcus aureus and P. aeruginosa studied previously (Filipiak et al., 2012a) cause mainly ventilator-associated pneumonia, S. pneumoniae and H. influenzae, discussed here, typically cause CAP. In this respect, both isomers of 2-butene are particularly interesting due to sufficiently high concentrations at early phases of S. pneumoniae growth corresponding to relatively low c.f.u. ml 21 . In addition, several other VOCs unique for S. pneumoniae [e.g. 3-(methylthio)propanal or 2-butenal] are mostly absent in exhaled breath of healthy non-smokers and could potentially serve as volatile biomarkers. Similarly, for H. influenzae a set of pathogen-specific metabolites such as methyl propionate or vinyl butyrate could be used for the detection of these micro-organisms in the airways, since they are detected neither in healthy smokers nor in healthy nonsmokers (Table 5 ).
